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o 3. INPUT AND DISPOSITION OF LEAD IN MAMMALIAN SYSTEMS

, 1. Absorption

a., Skin

The major routes of absorption for lead are generally iecggnized to
ﬁe the gastrointestinal tract and the lungs. The third major potential
portal of entry is the skin, wh;se importance in the case of lead is
generally considered to be essentially nil, The question of lead absorp-

l. tion through the skin has been investigated. Most of this work was done

prior to 1920, at which time the priﬁary concern was with reference to
relatively high-lével dermal exposure in industrial eﬁvironments and
from application of lead-containing cosmetics and lotioms.

These early reports are cited by Cantarow and Trumper (1), who summar-
ize by saying that the consensus among modern authorities (eirca 1944)
is thaéi?gzgrpﬁion of inorganic lead conipounds is of little or no practical
significénce in contributing to lead poisoning. . This is not to say that
dermal absorption of inorganic lead compounds does not occur. Several

' references are cited in which evidence is prdvided.for dermal absorption

of inorganic lead compounds when mixed with animal fat.

. g e - - - St een e g S

Lead salts can react with fatty acids to fﬁrm iead soaps, and ;ﬁ;se_
soaps are absorbed to varying degrees ﬁhrough the skin. The absorption
of lead naphthenate through the skin of the rabbit and man has recently
been studied (la).  The formulatidns used were comﬁercial industrial
’iu) - lubricants containing.apprbximately one per cent lead as the naphthenate

soap, Under.conditions of repeated application to restricted skin
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areas, clear evidence of absorption resulted in the case of the rabbits

and less certoin‘bgt suggestive evidence of absorptéon was found in the

A R  ‘It is not

e g s 1

certain that lead soaps are absorbed better thnn inorganic salts. In’

one study, the concentration of lead in the kidneys of rats was found

““to be elevated to approximately the’ same degree_following»dermal4app11—_

cation of lead acetate as following dermal application of lead oleate

a. . R

"Tho absooptionbof organic compounds of 1ead, notally tettoéthyl lead,

is far greater, sufficiently.so that it is possible to induce signs of

" acute poisoning following local application.

Although it seems unlikely that dermal absorption of lead is a signi-

ficant contributor to the total body burden of lead/with usual environmental
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gsources,critical experiments should be conducted to confirm that this is

so. It is also possible that a more diligent search of the literature
than I was able to undertake would unearth the necessary data.

b. Gastrointestinal tract

Absorption of lead from the gastrointestinal tract has been studied
. in both man and animals, -using both tracer doaes of radioactive lead and
larger dosesnnf>non:edioaetLVe lead, Most suchﬂexperiments'have been
conducted using the "balance t:iei" approach. Dietary intake is increased
by a specified nmbunt per day-over.baseline and the change in urinary and
" fecal eicretion is noted. The‘ehange in urinaty'excretion and body burden
‘is-conSidered to represent net abéotntion: Utiliziné this appfoach‘ the
net absorption of lead in a small number of human subjects was estimated
‘to be 6-7 percent (2). In these studies, the dose of 1ead wag 0.3-2 mg.
Pb/day, which :epresented increases over the normal dietaty intake of %Zfo
—fold. In these studies, the relatively soluble acetate and chloride |
salts of lead were used. Using ttacerrdoses of zlsz the absorption of
single doses of lead was found'to be.16;01v8.1, and 1.32 in three men (3).
“The ages of these men were 27, 40 and 59 years respectively. The authors

i #rowmésmale ~dose 6+ud%
-speculate that the absorption o lead may be age-relate%h Although a

N .
tracer dose of radioactive lead was administered the actual conditions .
‘of absorption were really against a background of normal dietary 1ead.

- Some studies have also been made of absorption of 1ead from ‘the gastroin—

"testinal tract of animals. Apparent or net absorption of lead in ‘sheep:

o , Pb . o .
is approximately 1.3% over the range of 2-108 mg?(day and is quite similar - .

- e oyt

S
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in rabbits (4)., It wonld seem from this report that the absorption of ‘
lead 1n herbivorous animals is less than in man and perhaps other omnivorous
1!& amn E)(fleftWMQ‘ ﬁ!m*taw
or carnivorous species._hﬁhe absorption of lead in mice is stated to be
over 90% using small doses (5). |
There appears to be little information concerning the influence of

the form in which lead is administered ugon the degree of absorption.

For the general spectrum of inorganic salts of lead there appears to be

no pronounced difference in the.letha1~dose-of lead to calves (6). In

these studies, lead was about equally‘toxic when administered as the

acetate, phosphate, oxide, carbonate, and even as dried flakes of paint;

Only in the case of metallic lead and lead sulfide was the lethality of.
lead noticeably less. I am not aware of similar comp,s'risons in other
species. The similarity in the letha,litf of so many salts suggests dietary
constituents or the gut mucosa serves as restrictive factoviunctioning

as a common denominator for many forms of lead - It would be of some
importance to know if these observations on cattls ‘hold true for other

species, It would also be useful to know in what chemical form lead

" exists in the gastrointestinal tract and just whut the degree of dissocia-

of lead oompounds 4 Yo eflect of dw ore feaci

tion /{m in the presence of various dietary environments)am
ahaserption
Some attention has been d:l.rec-ted toward the effects of calcium, phos~

phorus, and Vitamin D on lead content of organs in experimental animalsj #° studies Lave
and veferced 1o lead arsenate becn done en ran

. Most of these studies antedate 1949&"The_genetal observation is that the -

amount of lead retained in the body %ﬁgg oral administration is depressed -

by high levels of dietary caleium and phosphorus and increased by high
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levels of Vitamin'D. It is not entirely clear to what degree these effects
are the results of influences on lead absorption as opposed to 1ead deposi-~

tion in cissues (principally bone, which has been most-studied) or to alter-

. ations in the renal clearance of lead. It seems 1ike1y that in the case -

of calcium at leasc the effect seen is due to 1nterference with the gastro-

intestinal absorption of lead (7 8). ' : ‘ o P
This is most readily explained on the basis of competition between '

calcium and lead for the Vitamin D-controlleQ‘transport mechanism invol-
ving these two ions. The erfect.of high phosphorus probably is due to
the great'insolubility of lead phosphate, and to consequent reduction
availability of lead for absorption. |

c. Respiratory tract

The entry of lead'into the body‘vie the'reSpiratory‘tract has been
the subject of considerable study in recent years, but much remains to
be done before a completely satisfactory understanding can emerge. Particles
- of any substance entering the respiratory system via the nose or mouth are
incompletely retained. The percenf”ietention is dependent mainly on the
aerodynamic properties of the particles, as well as the respiratory charac~
terietics_particﬁlarly‘the=relatrve units of nose and mouth breathing,
the inspiratory and expiratory flow rates and tidal volume. Tﬁe pattern
of deposition within the respiratory ttacc elso varied considerably, depend-
ing on the magnitude of these major factors. This is a matter of some ,
importance because lead deposited inthe interior nares is removed by nose
blowing and wiping while particles deposited in the nesopharygx are eventually
swallowed and probably absorbed to about the same degree as the lead entering'
the gastrointestinal traec'in;food and cater. Even the lead deposited in
the trachea and larger bronchi, unless very soluble, finds its way into the
gestrointestinal tract as a result of its proximal movement by ciliary

action and coughing. By contrast, lead deposited in the pulmonarybaIVeolar
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bed is assumed to be absorbed directly into the bloéd‘streém. ‘Thg interaction .
and nature of all these factors as the& affect the fate of inhaled particles
iﬁ general has iecently been reviewed (9).

The particle‘size distribution of lead in the atmospheré 1slof primary
importance. Some studies have been reported. Rébinson and Ludwig (16)1 '
reported on samples taken in Los Angeles), San Ffanciséo, Ch;cagb, Philadelphia,
Cincinnati, addvrural Oklahoma.ana'Arizona. There was littlg'vgriation

‘among these Qidely—scattered-plaées as to mass médian'diameter (MMD) of

- fhe particles. For these locations the average MMD was 0.25g with 502
of the particles ranging betwéen 0.16 and O.43u. IA énother_étudy the
average MMD for Cincinnati was found .to Bg 0;18u, while in a:nearby suburb -
it was 0.42u (11). For Cincinﬁat1:75% ofiﬁbg aerosol mass was in particles
less than lyu, while in the suburb it was 65%. Although more extensive
studies of this important point are needed, it seems that the major concern
should be over the likely fate ofbleadiéar:icles with MMD;S in the range of
0.1 to 1.04, and that the average MMD in the general afmospheric environment
is about 0.25u. Av '

. For inhaled particles, inggeneral, 0.1-1.0p MMD it is estimated onfthe ;'

‘basis of the ICRP estimates (9) that, ét a tidal volume of 750-m1.'and ; rate

,.of 15 breathe; per minute, the total &eposition in the respira;orj (pgssaées
aﬁd in the ldngs) is about 20-60%Z of that inhaled. For particles 0.2-0,5p

-HMD pulmonary deposition'i? about 20-25%, while masal and tracheo%%ronchiél-
‘deposition is negligible;> Befwegn 0.1 and 0.2y MMD, pulmonary depoéitiﬁh ~:

(fié somewhat higher and between 0.5 and 1.0 it is somewhat lower. Tracheo-

®
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bronchial deposition becomes eignificanr (greater than 5%) for particles
smaller than 0.1p MMD and nasal deposition becomes significant for particles
greater than 0.5 MMD. ' Thus, total retention of inhaled lead can reasonably
be expected to be about 257 and actual pulmonary retention (as distinguished
from tracheo—bronchial and nasal retention) about 20%.

Some data are available regarding retention of lead in man. Probably
the most thorough study is reported by Nozaki (12) " In this study a
distinetion was drawn between upper respiratory and lower respiratory

retention. This distinction was based on the point of 1nf1ectio&x;ntthe

- €0y concentration curve of exhaled air. Lower tract retention presumable

represents predominantly pulmonary retention probably with a certain amount
of tracheo-bronchial retention, while upper tract retention represents

nasal and tracheo-bronchial retention. At any rate, at 10 rpm and tidai
volume of 1350 cc, and going from O.lu up to iu (definition of diameter not
specified)), total retention increased progreseively from 39% to 63%. Over
this range lower tract retention 1ncreasea progressively from 25% to 36%,
with a slight dip to 22% at 0.2u. The trend toward increasing retention in
the lower tract with increasing particle size does not conform to theoretical

expectation (9), but the general degree of retention is only slightly greatei

than would be expected., By contrast, upper tract retention is considerably

higher than would be expected. Noazki found that more shallow breathing’

" at the same minute volume greatly decreaSed‘uppet tract retention but had

no significant effect on lower tract retention.

In another study in man utilizing 212y, adsorbed to aerosol particles

,¥:¢"i5;>poin£ at which the CO, concentration rises. sharply probably

serves as a marker separating tracheo-bronchial air from alveolar air.
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; hdviﬁg a dismeter of 0.2u, average lung deposition was 25% with aArange
‘of 14-45% (13). This is very much in line with theoretical e#pecfaiiog.
. Evidently, little of the lead retained fouﬂa_iis way down the digestive
tract sinéeyfecal excretion of the inhaled radio activity over 2-3 days
wa§ only 0.3-8.4% of the inhaled dose.
Other studies in man have been conducted but they are less usefﬁl»in
the context of the general-eﬁvitonmentalvsitnation. Kehoe, for example,
. studied 1ead éispositibn in man working with very small (90% = 0.01-0.1u)
and rather large (50%Z > 0.9u) particles of lead oxide generated by burning
tetrae;hyl lead invpropane (2). Ihe'major value of Kehoe's study is the
 fact that he was able to determine the degree to whiéﬁ’the‘lead.which was
‘ deposiged found its way into the gastrointestinal tfact. Lung deposition
was high both when the particle siie was small (36%) and when it was lafge'
(46%). These results are consonant with theoretical-egpectaticny The
b;lance studies revealed that when the particle size was v;ry small,
~virtually all of the lead retained in the luﬁg remained there;.and vhile
when the particle size was large, about 40% of the lead retained fouﬁd its
was into the g_astrbintesti-nA tract.
In a study of the dé&;géitién of inhaled lead iﬁ béth occupational and
~urban'settings, Mehani (14) found 37-47% deposition,,wﬁich is almost’idenfical
" to Kehoe's resul;s and rather similar to those of Nozaki (25. Uﬁfortunately,

particle,bi?e.dis:ributién,was not determined in Mehani's study. Horiuchi
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Particle'size distribution was stated to be: 67% < 1p and 95%+ < 5u,
Balance studies in these peOple were conducted as in the case pf Kehoe's

‘e

even :
studies. Lung &gﬁggeien was 49-522. Mbch of this waeﬁsxcretej in the

feces, as might be expected from the relatively large particle size

distribution,  The "particles were stated to be in the form of an aqueous mist of

lead l?)i‘:tasgitsizzxttl:‘;iing witl; 1ung %ﬁ%um be -inco_m;'_].,e.te w:lt}:out S
some consideration of the fate of the lead which is deposited in the pul-
monary bed, There is veryvlittle information available on that point.
Hursh et al (13) estimated lung clearance t:c.v‘be‘Tlﬁ"= 6.5 hours, They
were working with tracer doses of 212py, Md—‘%{ water vapor and it

is questionable whether their observaticns»wocld be valid for carrier
amounts of the lead compounds normally found in the atmosphere, Schroeder
and Tipton in a study of the lead content of tissues found an age-related
increase in the concentration of 1ead.in.the lung of Americans, but not

in people from other lands. This finding cannot be interpreted as meaning
that lung clearance 1s so slow as to rcsult in accumulation over the years,
since the accumulation could be due to movement into the lungs from the
systemic eirculetion. Einbrodt et al (1968) focn& an actual decrease in

the lead burden of the lungs with increasing age in a series of German

It is not possible to say whether differences in patterns of age-
related accumulation, U.S. vs. foreign, reflect differences in lung _ L
clearance due to differences in the physical and chemical characteristics

of the_inhaled_particles or whether'other‘factors are operative.
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The Task Force Group on Lung Dynamics classifies lead sulfide @
anﬁ lead'halides in the group of metal salts exhibiting intermediate clear-
ance rates (weeks), wizhdu; specification a8 to the basis. Other salts

of lead are not ‘classified,

‘There clearly is a need 'for>lo‘ng.—.,term stndy of the r:lun'g “cl‘e.arancel
of lead. This is so because short-term determination of lung clearance
does not necessarily serve to describe total clearance. As a matter of
fact, for insoluble ﬁarticles a slow phase of cle ar ance is noted ‘wit:h
half times of ;pproximat,el‘y 120 days.and of 1 and 4 yeats for plutonium

and thorium. \/
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2. Distribution

In reviewing the subjectAof‘the distribution of lead in the body, it -
nighf be useful to establish first what the important considerétions are.
First, it seems,iﬁportant.to distinguish between body distribution seen
at or near steady-state ¢§nditions and distribution seen shortly after
intake. Thevshifting patterns of distri$ution with time follawing a single
dose of lead or during a period qficoﬁtinuing intake reflec£<differences
in inherent affinity on the one hand and accessibility ;s determined by
minute volume of blood flow on the other. Second, it is important for
the purposes of this paneﬁﬂtojcite data relating the magnitude of the lead
burden in various organs and tissues-to the concentration in the accessible
body fluids —- principally-blbod and “rinedv.Ihis 1is so because the toxic
effects of lead, as documgntéd in.the iitét;tu;e; seldom (tf_ever) are
éorrelatedvwithAconcentrations.of lead in the tafggt organs per se,

It has long been known that 1éad iﬁla bong-seekér and that under
conditions of continuing intaké,'aﬁd even shortly after single large doses
of lead, the amount of lead in the skeleton far exceeds the amount in all
the other tissues of the body combined. ' In the moét'extensivé stu@y of
 thé distribution of lead in man, the ‘skeletal burden was estimated to bef
91% of the total body burden under conditions of average environmental
exposure (16). The concentration of lead in various bones of the body is .
-quite‘variable on a fresh organ weight basis., However, when the data are
recalculated on the basis éf concentration in bone ash the differences

5ecome'insignif1cant (17). Beyond that, the distribution of lead in the
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"boMy under condifions approaching the steady state is reasonably ﬁniforﬁ.
On a wet weight basis no other orgén approaches bone as to concentiation

of lead. Howe#er, on the basis of ash weight, a number of organs includ- .

)
ing the aorté; 11Vef)and“kidney¥have higher concentrations of lead than

) béne. Simiiar exhaustive analyses of the disiribution of lead in animals_
under steady state conditions are not available, so far as I know at least,

,Thevintefrelationship of the concentration of lead among the organs

of the body has been the subject of limited study. In a study of the
kinetics of the disappéarance of leéd from various 6rgansvf01lowing admin-
istration of a tracer dose of 210py,, zhere was considerable variation in
the rate of disappearance even eight days later (18). Similarly, in a

~survey of the lead content of-orgaps in man, it was found that, over
the normal 11f§ span, organs and sy;temsvexhibit differgﬁt'characteristiés
with reference to age-related pattgrns of lead accumulation. (16)- This
being- the case, it is hardly to be.expecfed thaf the concentration of
lead in the blood or in the urine can be atifhﬁ%Fically related to
concentrations elsevhere in any simple fashion.

Early studies of lead metabolism in man were largely concerned with
total balance, In his detailed s;udies of lead metaboligm in man, Kéhoe
measﬁred the dietary intake and outgo of lead under normal conditions and
witﬁ small daily oral doses of lead acetate. Hg concluded that the
average American adult is.esséntiélly in balance (19, 20). Actually,
his observations concerning the excretion of small daily doses of lead

administered for as long as four years indicate a continuing accumulation
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in the body (2). It seems unlikely that a different set of laws of

kinetics should govern the metabolism of lead at a daily dietary intake

level of 0.3 mg as governs the metabolism of lead at an intake level of
1 mg or 2 mg per day. As a matter of fact, in a study of leaa'metgb;
olism in the rat, ;here wasggzbarent difference between the tissue
distribution and excretion of ttacer.(& 0.04 mg/ké) and carrier doses
(7 mg/kg)vof lead (21). Futther, the accumulation of lead in bone and

.

other t:issvueg;{#a‘s %@g ‘documented for man ‘(16’). _Tﬁe pattern of accumu-
lation varied from one tissué to anotbet, but forvsomé it apbeared to
extend aimost throughout the iifeépan (aorta) and. for others accumu-
“lation ceased in middle aée (Sone..liverj. Angther study also reports

increasing concentrations of lead in bone with age, up to about age 40

and perhaps beyond (22).

It is possible that upon reaching a ¢ritical concentration in bone,
lead accelerates the process of -bone resorption, thereby decreasing lead
.retentibn, Continuing-ac¢umu1ation also may cause reduced'hemogloéin

synthesls in old peqplé. : ;;_

'There'ié considerabléi;hcértaiﬁ;yugs to hbw tﬂén;;fe‘oflloéénééﬁsz”
lead from the whole body or frOmfapy one tissue can best be desciibed
_ kiﬁetically. For most foreign substances introduced into the body, the
disappearance rate is proportiona; to.tﬁe amount present at any in;tant ;
in time. |

' Thus, A, = A, * ekt o - @

where Ay = amount in the ;issne at t
| A, = amount in the tissue at time O .
,WD k= rate constant 7 ‘
The important point about this'iind of situatién is that with continuing
intake at a constégt rate such a substance should ultimately reach virtual
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" equilibrium in the body as long as affinity doesn't change., Mathematically

the accumulation is described thus:

A -] ' : '
A = § (1-e7FY) | | @
oy where A = amount assimilated per unit t and A; and k are as defined above,

The rate of disappearanceAalkali earth metals from the skeleton caonot
‘be described adequately'using simple exponentials as above. Rather,
disappearance is best described as a power function which, graphically,
fits a linear log~log plot of fraction retained vs. time. In essence,
this amounts to saying that with time the availability of the substance
for excretion becomes progreesively smaller, Such a model for rate of
loss is consistent with accumulotion at a rate greater than described in
2). Data;for the rate of disappearance of single doses of lead from the
-.body appear to confo!:m to power function kinetics for the rat (23, 21&);;110/055
and the dog (25). fhe above~cited studies were conducted using tracer .
doses of 210pp, If power function models are appropriate for the descrip-
tion of the disappearance of lead from the body, an expression of the

biological half-life for lead in bone or in the whole body becomes

impossible, in conventional terms at least.

oV ———— o emms

It is possible that the lead ion becomes progressively less
.awailable for exchange and excretion by virtue of its ability to act as
a'nuéleeting agent for the precipitecion 6f calcium phosphate, trapping
the 1ead.in an insoluble matrix (28a). This phenomenon may also eipiain
the increased thickness and density of cortical bone in lead poisoning
reported in sheep (28b) and the increased density of t rabecular bone

in infants (see Chisolm).

Figures are available purporting to approximate the biological half— o
life of lead in the body. These values are calculated on the basis that

lead leaves the body in a manner which can be degcribed by a single
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‘ei':bonential ‘func:iotl. Th:ls hatdly seems realistic in view of the direct T
evidence cited earlier showing that in experimental animals in which
the amount of tracer in the body is known, a power function is more appro-
priate. In the procedure described by Holtzmen, the biological half-

life is calculated using the equation (26):

. 69 3 mC . ’ ,

vhere T, = biological Tk

,in = body mass -

c f'leed'.concentrapion tn boclj

1 = intake/day

£, = fraction of I retained o
This sort of procedure can only yield ,crude\\ball -park"f:lgures since C is
éuite variable among individuals and since the elements entering into the
calculation of f; (such as transfer from gut to blood and-Exen- air to

umq_io]ﬂggcfy define&‘naNe\\’rae':::geb]fee;s the c'alcula:ions do exp:
A ’ press

the justifiable belief that the biological e} for lead 1s long. Making
all the necessary assumptions about C and fw, Holtzman comes up with
Tb = 2085 days for whole body and Tb = 6350 days for the skeleton. In
the case of radium (225 Ra) t;here :!:s some evidence s-ug.gesting that the
single expoﬁent app-roa.ch‘ appliea to .de;scriftioq of whole~body di-Sappearence

in- man, o 4 - ;'at"leaat

‘ when the rate of loss is measured many years after acquisition of the

burden is terminated. py, greatést need is for data ftom :lnfants and old people.
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In a series of 4 former radium dial painters, whbleabody burden

 was estimated by direct measurement of body radiation 40 years aftet

exposure (27).; The fraction of the body burden being excreted per day

was found to be not significantly diffetent from the average of ten

" cases in which excretion was measured only twenty years following

exposure., - , ' o
. . . . /A single

exponent may similarly déscribé'adequately the rate of loss from the
body of an old lead burden (which is essentially all buried in bone)

but would not apply to the total body kinetics involved in continuing

e#éosur; to lead. ‘Eveﬁ iﬁ regar& to bone, thé conéépt of a single..“-
kinetic pool is not realistiec. The rgté of loss of lead from the skﬁll
of the baboon has recently been reported to be best exp;essed by a power
funcfion ﬁodel over the initial two years following lead administration
"(27a), | |

ISP

Another approach to the calculation of biological hélf-life.

.applies specifically to bone (28). It proceeds on the assumption that

DUP050055896
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~loss of lead from bone occurs only as a result of dissolution of bone

Syste

‘during Havetsian remodeling. Uging thigs approach the estimated b@blcgical
half-life of legd in bone was estiméted to be 4620 days for thefdog._.‘ |
- While ﬁoét evidence cdrrently available indicates that :ﬁe»éoncen-
tration of.lgad in some oréans, noiablyibone,'increases with age in man-
as a result of continued loﬁ-ievel exposure, there is néed for fnpther'.
confirmation and expansion of‘knowledg; in this area. For one thing,

. there is need for a substantial ;ncrease in the number of autopsy speci-

' mens analyzed to better define the age-relatedness of lead concentrétions
in human tiesue.i It would also be of interest to determine whether the
same situation exists in animals and to determine whether dietary factors
'influenée'pattérns of accumulation. 'It ié»of'inteteét.to note that
Schroeder found evidence for age-reiéted accumulation of lead among non-
Americans only 13 the case of -bone and aorta (16). Thedsignificance of
this qbservation is obscure, but it might be related to the influence of

. different backgronﬁd levels of other trace minerais,

The toxicological stgnifiqance of varioué qoncentrations of :lead
in tissues is poorly understood. In the case of‘bone:it is generally
considered that the continuing acéumulation of lead consists largely of
an inert, toxicologically fnsignificant pool, which becomes progressively
less accessible and exchangeable with time. This is manifested in
aevetalvwéys, among them by the decreasing availability for chelation
by EDTA (21). ILittle 1s'knowﬂ.about the chahging availability or exchange-

ability of lead in other tissues as the bédy burden ages.
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subject of some controversy. Lead added to erythrocytes in vitro cam be
only slowly desorbed with EDTA, Yet, the association with the erytﬁrocyte
can be prevented by the prior addition of EDTA, This leads to the eoﬁclu-
aion that lead added in vitro is associated with the cell surface as a
cqagulate of a lead phosphéte sol ., (29). The added lead éould in fact,
be completely removed from the cells by dialysis ﬁithaEDTA for 24 hohrs;

Interestingly and significantiy, thellead which had been infthe cells at

. the time the blood was drawn could not be removed by this procedure. The
. authors interpreted this to mean that lead in erythrocytes acquired in vivo

‘'under normal circumstances is.'located intracellularly. The important

point is that it is probably only sldwly,exchangeable; In cases of lead

poisoning treated with EDTA there is' a modest and fairly prompt desorption,

" but the desorption is far more pponounced'Qheh.treatment’is instituted

with dimercaprol (30). This observation is suggestive of an- intracellular
localization of lead. The:sﬁudies of Ciarkson and’ Kench cited above (29)

suggest only slow exchangeability of lead incorporated into erythrocytes

. .. . $
in vivo, . S -Little information available

concerning how well the concentration of lead in erythrocyteé correlates

with the concentration in other ciss%gf From limited studies, the

-correlation abpeérs poor (21). With the intravenous administraﬁiQn of
_ a.single dose of 210p;, (7 mg Pb/kg), the fraction of the body burden of

,21°Pb in the blood decreases at a very rapid rate during the fits;‘week;

It then remains essentially unchanged for the succeeding eight weeks.

The fraction of the body burden in the various soft tissues, on the other
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Of all the soft tissues in the body, blood has been most carefully

.scrutinieed with regard to its interaction with lead. The concenéretipn
of lead in peripheral blood is heavily relied on as an ineex efelead
exposure, Yet there is toeay no mathematical definition of the relation- _
ship between the concentration of lead in blood_and the concentration or
amount in the total body or in any anatomic: or ﬁetabolic comparimeﬁt.

It is interesting to note thetﬂwhen small aaily doses of lead are admini-
stered to man, the concentretidn of lead in the blood rises sharply but

‘\ tends to level off fairly early, while the total body burden is stiil

ated {o - cio e
- increasing at a'anbaa.aeie& rate (2) The same “is true of the concentra-

A

tion of lead in the urine as in the case of lead in the blood. One is -

tempted to interpret this as indicating that the concentration of lead,
“in the blood(and in the urine), is behaving in accordance with first order
kinetics (equation 2 w0u1d apply) and is proportional to the exehangeable
(and hence excretable) pool of lead in the body. If this were.so, the
-lead 1in blood should be relatively mobile and therefore, relatively easily
desorbed by dialysis or by .comparable means.
It is common knawledge that more than 95 pefﬁkent of the lead

circulating in blood is associated withheellulqr elements. More specifi_

cally, it is associated with erjthrOcyteSa

e ettt

The masner in which lead is associated with the erythrocytes is still the
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| hand, decreases throughout the.ninesweek‘éeriod, and the'fraction of the.
"'%}. 3 body burden in the skeleton increased co:réspondingly; It is possible
o that a major fraction of the lead’ *  associated with circnlating
erythrocytes is incorporated during cell formation. It is interesting
to note in that regard that the concentration of~1ead:in the bone marrow
of men exposed to relatively high conccntrations of lead was 60 4'184
"times greater than the concentration of lead in pefipheral blood (31).
The opportunity for‘high.uptake of 1ead,during cell formation csrtainly‘
'is pressnt. B
The localization of iead-in other cells of the Body has been studied
to some'extcnt. In one study, separation of cell constituents (liver and
kidney) by ultracentrifugation was utilized. Distribution to all sub— :
fractions was noted (32). It is~not likely that these results were a
consequence of redistribution during prcparation of the subfractions since
the pattern of subcellular distribution changed over a period of weeks
following administration ‘to the animals. In another study, histoauto-
, radiographic techniques were used. Intraceliular localization of lead
was claimed (33)., While I have seen only the Ksttering abstract of this
%gépr paper, I must admit to grave suspicions as to the possibility of disting-
.b uishing 1ntrace11u1ar localization of 210pp autoradiographically.
The distribution of lead to hair has drawn some attention lately
_ because tho concentration of iead.is almost as high as it is in bone (34).
Further, it has been Shownito inarease aopreciab;y 1§§22§i; of lead

A

poisoning (34, 35). Exoerimental studies in rabbits indicate that there
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'>v1s,a rough correlation between the concentration of lead in hair and in

bone (36). It may seem questionable whether this 1sva-promising_avenqe Coe

- . for the attainment of any precise infotmatibs concerning concentration of

*?f " lead in any organs or systenms of majot toxicological interest, All of .

| the investigators whose work is cited above seemed to have the’ problenm of
substantial variability among subjects pf similar exposure histery, Howevef,
since seeming vsriability.eften masks precise hidden relatiOnships, the
subject merits further stu&y,
3. Excretion

Theumajot'routes of lead excretion are generally sssumed to be the

gsstrointestinai tract asd the kidneys. This assumption is probab1y~valid
for man since tﬁe recovery of lead in urine and feces comes close to

N accounting fo; the input in balance studies such as have been csnducted_

by Kehoe, “A

B T P

ﬁﬂis presumption may not be valid. The excretion of 1ead in sweat may
be of the same order of.magnitude as in urine., This possibility was
raised based on the amount of lead excreted in the axillary sweat of

mean with iead poisoning (36a).

For animals, it is quite likely that the loss of 1ead from the
| body by the shedding of hair may constitute a significant source of "excre-
tion". Kopito et al (35) cite one reference indicating that the amount
»ofliead,lost.in the hair coeﬁ may be very substantial. EXcretion of lead
dn milk has been‘stsdied with reference to.sows (37). This has been of
special interest because of the possibility of transferring~potentially‘~
‘toxic ameunts of lead to infants and chiidren, The concentration of lead
in milk is linearly related to the concentration in the blood. Under usual'
conditions of exposure of cows to 1ead this amounts to approximately u

S sl

A 3. o

The relative contributions of the gastrointestinal tract and of the

kidneys to the overall excretion of lead appears to vary appreciably among
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the species studied. In man, urinary excretion appears to predominate
over fe.cal_-exqrétion. .Foll_owing the intravenous administration of 212pp

to two men, the average urinary excretion in the succeeding 24 hburs?WaS»

4 152 of the dose, with the excretion being virtually terminated in that

fperiod 3). During the 48 hours following administration, only 0. 272 of

_ the dose appeared in the feces. . .
In the baboon, the ratio of daily urinary to fecal excretion of

parenterally-administered 21°Pb.ranged between one and two for the

period of 12 to 5 days following administration (37a).A
fin the dog, fecal excretion of tarenterally- I

administered lead has been found to account for less than 1% of the total -

urinary and fecal excretion (25) A\
ﬁﬂ:;e conclusions are of questionable validity since they

were based on the analysis of urine and feces colletted udring three~

day period only at intervals of two months, 4
’ By contrast, in the rat fecal excretion

predominates both early and late after parenteral administration»of lead
- (38, 39), 1In the sheep, the.predomiﬁance of fecal extretion'ovtt urinéry
‘excretion is even more pronounced ‘(40) . The mechanism of gastrointestinal 4

excretion is.predominaqtly by way of the bile, at least in the rat and

gheep (38, 40). ' |

| The mechanism of urinary-excretion of lead has been studied in man

and dog (41) and in the chicken 42) In man and dog, the rate of lead

excretion parallels ain!- changes :Ln /\& and exti?gfi?t;s %‘%ero excre~

tion at zero Gzﬁzﬁe; suggestingthat movement of lead across the renal tubule contribute

J— - - aen - o

to total urinary excretion. At higher levels of lead ex~
glomerulay & Hafime mte

cretion, excretion was somewhat less in relation toﬁg=sss than at low
levels, suggesting some degree of tubular reabsorption. On the other hand,
f“> studies of the transport meCHAnisms in chickené suggest that lead is se-

creted by the renal tubules. ) _ : C e e e e
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“”,- The excretion of lead in rats has been found to be markedly deéréased

" in both' the feces and the urine as a result of increasing éhenambient;'

~ temperature from 70° to 89° (43). The reason for this remains obscure,
R as far as I know., The effect is associated with a markedly highéi concen-

.

tration of lead in the blood at 89° then at 70°,

4., Estimation of Body Buiden

This section will inciude v, 5,."Noﬁ-faxic“ Effects, since.aétions
of lead which are not overti&‘harmful and which occur at low levels of
lead exposure é;e used to eétimhte the magnitude of a potentially toxic
pool of lead -- one which exhibits biological ;ctivity‘ |

There are four general kinds of body burden estimates, which differ
as to ‘approach and as to the implications of the mea;urements. They are:

1. Whole body burden

2, Circulating burden (essentially blood lead levels)

"3, Mobile burden (amount of lead excreted in response to
chelating agents) .

4, Biologically-active_burden (ref1ec£1ons'of disturbances

S _ and venal fundlisn

in heme synthesis

a. Whole body burden

Th; only certain way of aetermining the whoie body burden of lead °
is to ash or wet-oxidize the whlole subject and.to pe:forﬁ an analysis for
lead on a vsuitaﬁle'/%alme:w This approach has certain 1‘1mi£,ations, some:
'of which are quite obvioﬁs. First, the ;ﬁformation gained would be of. | .

little use to the subject himself. Second, the simple mechanics of

S
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reducing a whole human cadavrr to ashes‘or to a solution of inorganic salts
makes the procedure~sos£2;::4mprect*cat As a matter of fact, experimental
studies of lead metabolism even in rats seldom are done in this manner.
Too often>inference8 are drawn concerning the amount of léad in a hﬁole
animal or in an organ or system on the basis of the amount in a sample
of ﬁissue,’ This is a particularly questionable practice in the case of.
bone. The only alternative in sight is determination of the whole body
radicactivity due to decay of 210py,, '

An accurate knowledge of the whole body burden of lead would be of

very limited value unless performed in conjunction with other measurements

which woul& indicate something about the compartmental distribution of N

~ the body burden.

1;;;;~:;*;:;ause probably only a.small fraction of the total body
burden is biologically active. Most of the body burden is sequestered
- away from the general circulation in the matrix of bone, where it
resides as a separate biologically inactive pool bearing no fixed

quantitative relation to the far more hazardous small.fraction else-

where in the body.Assuming a total body burden of 120 m%( a subject having

V100 mg. in his skeleton will have twice as much lead in his soft tissues
.and’bo&y(fluids than one having 110 mg. in his skeleton. Similarly,

a skeletal burden of 100 mg. acquired oﬁer ten years is probably more mo-
bile than one acquired over ;hirty years, For these reasons (and probably
for others) it is desirable that other procedures be available which measure
the amount of lead in subéé;mpartments.

b, Circulating burden ' s

- The concentration of lead in whole blood has long been used as an

index of poténtially hazardous lead exposure in industry and as a diagnostic
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-~ aid in clinicai medicine, Theie is little knowledge of what such analyt-
ical resﬁlts'meaﬁ 1o terms of the magnitude of the whole ﬁody bufdéh.or
of the burdenfinuspecifié o:géns and systems., Following single doses of
'lead.in raté; there isbno correlation between the amount of lead in the

. blood and ‘the amount in the whole body or in "the Jbones or soft tissues GZED)
at least for a period of nine weeks following administration (21).

For that matter, using these data, i have not been able to make any

v meaningful correlations with the amOunt of lead in any specific organs.,
It.may'be that.meaningful correlations are possible under conditions of.f
long-term intake and relatively constant rate of intake, To my knowledge,
no such effort.ﬁas been made either in animals or in the limited number

of human subjects (impending death)where this might be possible.

The correlation between the concentration of lead in the blood and

the magnitude of the "toxic" pool ;f lead in the body 48'%ery.difficu1t
to define because of difficulties with the word "toxiec". There is no
quantifiable "“toxic''pool of lead which has eyéf been defined. There
certainly are degrees of'toxicity,‘but these don't correlate very well
with concentrations of lead in blood. In acute lead poisoning:in cétﬁle,
marked signs of illness occur with blood lead levels as low as 0.35 ;§§7m1
(44). Yet, cattle have been fed lead in small daily doses to the point of
maintaining concentrations of lead in the blood well in excess of 1.0
£2§7;i for many months without appérent ill-effects (45). It may well be
that aniiéls acquire a télergnce fo lead. Some evidence has been ptesénted
recently showing a tolerance phenomenon in mice (46). I know of only

Abe severt £ c(mncal S,wlﬂqm.«‘}alzﬁj

one report in which any effort was mwade to correlateA
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eeeien in man (or in animals for that matter) with biochemical parametegs
be
known to/altered in association»with lead poisoning, Unfortunately, the

MMWW"S
concentration of lead in the blood was not one of the biochemical parameeers

Jggeg.(47) Information is scarce;.cOncerning the.correspondence between the

LN

severity of clinical signs and the concentration of lead in the blood.

The guestion of what constitutes a minimal canceﬁtra;ioniof lead in
blood which is associated with signs of lead toxicity seems far from being
settled. R, A, Kehoe has insisted repeatedly that this minimal céncentra—.
tion in blood is 0.8 mcg/gm blobda Yet, one finds in the literature”reference
to levels as low as 0.4 mcg/gm (48) and 0.21 mcg/gm (49). It is possible

as no one else has reperted similac lpw values
that these values are spurious. After all, how is the judgment to be made

other sign
_as to whether the colic, irritability or whaﬁever which one sees is to be
considered due to lead? The closer a blood level approaches the normalv'

range, the more difficult that problem becomes. This is all aside from

ekew'lwre_ .
the problem of analytical error which wé%&:ha considered =

c. Mobile burden

The use of chelating agents as aids in the -diagnosis of lead poisoning
to determine prior high exposure to leaq'is fairly commonly repbrted, The
chelating agents most commonly used for this purpose are EDTA and penicilla-
mine. There is little question as to the sensitivit& of‘the procedure
for distinguishing between average and high lead eprsure. The most strik—
ing example of this is the report detailing studies on nephropathy in
middle-aged people due to childhood lead intoxication (50). It was not

- possible to distinguish this grbup from controls on the basis of the rate -

. of spontaneous urinary lead excretion. Yet, with relatively few exceptions
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the.elevationuﬁf'lead-excfetion followingia&minisfration of EDTAkwaé appre-
“ciably higher in the exposed group than in ﬁhe presumabry-n§n5e§pbs§d_groupe
It is to be presumed that fhe-two,gtoups did not diffef.éignificantly as

- to lead épréure subsequenﬁ to childhooa, Penicillamine has also been
studied as a chelator for estimating the amoﬁnt of mobile lead in the body
(47). In this study other parameters.of exposuré)eg. ALA excretion and '
cOpropofphyrin excretion)weré measured, Studies in animals to determine
fhevsource of.the lead,mobiliéed by these drugs have beeﬁ few, One group
6f investigators concluded from théir data that the source of lead was

- the soft tissueé, using EDTA in rats.(51). Other studies flatly contradict
this conclusion in rats and in rabbits (52, 53, 21). iThe skeleton is Qi
far gnéater source of lead with EDTA mobilization than the soft tiasueé,
As a matter of fact, more lead can.be mobilized from the body with EDTA
than exists in the total.soft‘tissnes prior to chelation.i The amount of
lead .mobilized and excreted inAresponse to a'sfaqdatd dose of EDTA in the
rat does not accurately reflect the size of the total body burden of lead
because the fraction of the total body burden which is excreted varies
appreciablyiwith the recency of acquisi;ion of the lead (21). Furthermore,
_the amount of lead excreted does'not accurately refléct the size.of'the
soft tissde burden either, since the mobility of lead in the soft tissues
also decreases with time following.acquisitién. .The”magﬁitude of lead

mobilization does not cofrespond:ﬁell to the amount of lead circulating'

in the blood either (21). A
_Hoﬁever there was a correlation between lead mobilization with

penicillamine and the level of ALA and coproporphyrin excretion.

. “\—_i;
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d. Biologically-active burden

There are g number of measurable bioahemical'abnofmalities wﬁi&ﬁ
accompany excessive exposure to legd. Some of these have attracted the
attention of industrial hygienistsf It has been hoped that these altera-
tions would prove useful as preclinical sensors to warn of impending haz-
ards due to excessive éxpOSure}to lead, Most of tﬁe attention has cént;red
around several manifestations of the well-known iohibition of heme synthesis
.by lead. | ‘

Several major alterations in heme synthesis are readily measurable
in cases of excessive lead expusurelin>both-man and animals. The ones
which have received the greatest atﬁeﬁtion~are 1) elevated excretion of
coproporphyrin in the utine; 2)1e1evé£ed é%crekion of aminolevulinic acid
(ALA) in the urine and 3) inhibitién,of ALA;déhydrase activity in circu-
lating erythrocytes. The quantitﬁttve relaﬁionspips of these abnormalities )
to the body burden of lead have nqt,beep well defined; These reflections
of.abnormal heme synthesis do nevertheléss.seem to differ as to thevsensié .
ttvity and precision with which they correlate with certain other parameters

gacupationally-
of .1lead exposure, In a study of men indusgéie%iy— osed to lead the

amount of ALA excreted per gram creatinine correlated much better with ‘
'théiégéree of g:k%:ﬁé:;ioa-than did éhe amount of coptoporphy#iﬁ excreted
(47). The lack of correlation between symptoms and urinary output of
.coproporphyrin has been réportedvby others. It is interesting to note ;
that the correlation between ALA excrefion and the amount of lead mobilized -

with a standard dose of penicillamine also was extremely good (r = .92).
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In a later report, these same authors correlated ALA excretion with the
_ concentration of lead in the blood (54). The scatter of points around

the curvilinear regression line was quite substantial in contrast to the

)
scatter of points around the linear regression line relating ALA excretion
to lead mobilization with.penicillamine, These workers also noted that

the concentration of lead in the blood w#s lower for a given level of ALA

excretion among workers periodically rotated away from high exposure work

. . , o
areas than it was among workers continually exposedAPigh levels of lead.

They interpreted this to-mean that elevated ALA excretion persists longer

. than elevation of lead:in the blood. -

— TR e e e o

~ 'The accumu~
lation of ALA resulting from inhibition of ALA dehydrase is.aiprocess
occurriﬁg'among.the immature erythrocytes of the bone marrow where the
1concentration,of lead is much higher than it is in peripheral blood (31).
In thisvcoﬁnection, it is pertinent to Qéte ;hac’inhibition of ALA.dehydraée
in peripheral blood is claimed to persist for as much as four years after
cessatioﬁ of abnormal exposure (55). Perhaps ALA dehy&rase inhibition
occurs in the marrow where the lead concentration 1sAstill'high long after
the concentration of lead elsewhere has returned to the normal range.
Two groups have recently studied the relative sensitivities of ALA
" dehydrase inhibition and of ALA excretion as indices of lead exposure
(56, 57). Both concluded that inhibition of ALA dehydrase was a more

sensitive index of exposure than ALA excretion. In the first of these

DUP050055909




Chapter 3
Page 30

s
W™

two papers, the basis for the CanIﬁsiOn‘was,largely that even among the
workers haéing normal ALA excret;ons,JALAHdéhydiase activity was fréfoundly '
depressed. In the second paper (57), tﬂe same kind of reasoning was;applied.
Correlation becﬁeen the degree of ALA dehydrase inhibition and the con¥
centration of lead in‘the‘leOd was quite poor however. The sensitivity

of ALA dehydrase to lead exposure'ﬁas also been.stﬁdied in rabbits (58).
Again, the high degree of sensitivity of this enzyme to in vive imhibition
was quite apparent. ’Subcptane;us:doses of lead 5 X weekly as low as 0.68
,ﬁglkg caused 50% inhibition Qithinjfour*§eeks.

Recently, the inhibitory,effec§ §f.1ead on the erythtocyte,mzmbrane‘

Na + K ATPase has been described (5§, 60). The degree of enzyme inhibition
was not remarkable; nor'did:it'bear éﬁy qﬁ&ntiiative relationship to other

parameters of lead exposure used pénventiqﬁaliy.
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